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Chapter 1: Introduction
Magnesium (Mg) is a well-known reduction agent in metallurgy (more specifically, in
metallothermy) [1]. Recently, magnesiothermic reduction of oxides has been used in selfpropagating high-temperature synthesis (SHS) of advanced materials such as ultrahightemperature ceramics (UHTC) [2]. The magnesiothermic SHS has also been used for the
conversion of silica (SiO2) to silicon-based materials for thermoelectric applications [3]. However,
since oxidation of Mg releases a lot of heat, the direct use of it as the reduction agent leads to
excessively high temperatures and undesirable sintering of the products. We have proposed to use
magnesium silicide (Mg2Si) instead of Mg in the SHS of nanostructured silicon. In this approach,
the products remain the same, magnesium oxide (MgO) and Si, but the process temperature is
lower, thus potentially improving properties of the fabricated silicon. Therefore, one objective of
the present work was to investigate the SHS of silicon using Mg2Si for the reduction of silica and
to examine the microstructure of the obtained silicon.
Magnesium is also used in energetic materials [4–8]. Since its specific energy and energy
density are lower than those of aluminum, it is not used so widely in propulsion and explosives.
However, in some pyrotechnic applications, Mg is the preferred metal fuel. Recently, it has been
proposed to use combustion of Mg powders in power systems for space missions where the use of
solar or nuclear energy is impractical [9]. Specifically, Mg powder would be placed in a combustor,
and oxygen would infiltrate, thus maintaining, upon ignition, a self-sustained propagation of the
combustion wave. For this and other pyrotechnic applications, the knowledge of Mg oxidation is
critically essential. However, the oxidation mechanisms of Mg particles are not well understood.
Therefore, the second objective of the present work was to clarify the mechanism and kinetic
parameters of the oxidation of Mg particles in oxygen. Specifically, we conducted non-isothermal
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and isothermal thermogravimetric experiments with Mg powders of different sizes and shapes
(spherical and flakes) and analyzed the obtained data with model-free and model-based methods.
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Chapter 2: Magnesiothermic Combustion Synthesis of Nanocrystalline Silicon
2.1 Introduction
Nanostructured silicon is a promising material for lithium-ion batteries [10,11], photovoltaics
[12,13], photocatalysis [14], nanoenergetics [15], and thermoelectrics [16,17]. It has been
fabricated by various methods, such as thermal decomposition of silane [17–19], pulsed laser
ablation [20], molten salt reduction [21], chemical etching [22], and electrochemical reduction
[23]. However, these methods are complex, expensive, and difficult to scale up. For the industrial
production of nanostructured silicon, it is necessary to develop processes that are environmentally
friendly, cost-effective, and scalable [24].
It would be attractive to obtain nanosilicon by reduction of silica (SiO2), which is a widely
available and inexpensive material. Note that metallurgical-grade silicon is industrially produced
by carbothermal reduction of silica [25]. However, this process cannot fabricate nanostructured
material because the temperature of carbothermic reduction (over 1900 °C) is way above the
melting point of silicon (1414 °C). Magnesium (Mg) has attracted attention as an alternative
reducing agent. The magnesiothermic reduction route can be organized at a lower temperature, it
does not generate CO2, and the products of magnesium oxidation can be easily removed by lowtemperature leaching in hydrochloric acid (HCl).
Magnesiothermic reduction of silica has been accomplished through gas-solid and solid-solid
reaction methods. In the former, magnesium and silica, placed separately or as a mixture in a
furnace, are heated to 500–950 °C to generate Mg vapor, which then reduces the SiO2 [26–28]:

SiO2 + 2Mg → Si + 2MgO; ΔHorxn = −297 kJ
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(2.1)

Here and below, the reaction enthalpy was calculated based on the formation enthalpies at standard
conditions [29]. In the gas-solid method, however, silica is not reduced completely in the reactor
sections that are far from the Mg source, and magnesium silicide (Mg2Si) is formed in the nearest
section [26], also decreasing silicon yield. In addition, HCl leaching of the products that contain
Mg2Si generates a pyrophoric gas silane (SiH4), which leads to safety issues.
The solid-solid method for magnesiothermic reduction of silica involves self-propagating hightemperature synthesis (SHS), also called combustion synthesis, which consumes low energy and
uses simple, scalable equipment [30,31]. The mixture of Mg and SiO2 powders is ignited locally,
leading to a self-sustained propagation of the reaction wave. However, the high temperature (over
1800 °C [32]) generated during this process leads to evaporation and loss of Mg, resulting in
incomplete conversion and in the formation of forsterite (Mg2SiO4). To mitigate these undesired
phenomena, it was proposed to conduct the process at high pressures [32] and to add sodium
chloride (NaCl) for decreasing the temperature [33].
Recently, magnesium silicide was proposed as a reductant of silica for the mechanochemical
synthesis of Si nanoparticles [34]. The reaction is described by:

SiO2 + Mg2Si → 2Si + 2MgO; ΔHorxn = −219 kJ

(2.2)

The Mg2Si/SiO2 mixture was ball-milled for 12 h, leading to a complete reduction of silica. In
addition, the use of Mg2Si instead of Mg doubles the yield of Si for the same amount of used silica.
However, it remains unclear whether the reaction was occurring gradually or as a mechanically
induced self-sustained reaction (MSR) [35]. The MSR is, in fact, combustion inside the milling
bowl. Upon reaching critical conditions, the reaction sharply accelerates and rapidly propagates
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over the mixture inside the bowl. The necessity to ensure safety during the MSR requires rather
complex design of milling bowls, which makes it hard to scale up the process. Also, additional
milling is often required to complete the conversion after the MSR is over [35].
It looks attractive to explore the possibility of conducting the reaction described by Eq. (2.2)
in the SHS mode, i.e., in a simple vessel, filled with an inert gas and equipped with an ignition
system. It is hypothesized that the reduction of silica by Mg2Si, though less exothermic than its
reduction by Mg, can generate sufficiently high temperatures to enable a self-sustained
propagation of the combustion wave. To facilitate the ignition, mechanical activation could be
conducted as a short-term, high-energy milling step before the SHS process. The entire technique
is called mechanically activated self-propagating high-temperature synthesis (MASHS) [31]. The
decrease of exothermicity by using Mg2Si instead of Mg could be useful for mitigating the
incomplete conversion and suppressing the formation of undesirable products, which are the
drawbacks of the SHS process via reaction described by Eq. (2.1).
Since nanostructured SiGe is an efficient high-temperature thermoelectric material [36], it is
also interesting to explore its fabrication by adding GeO2 into the reaction described by Eq. (2.2).
The enthalpy of formation of GeO2 is closer to zero than that of SiO2. As a result, the exothermicity
of the magnesiothermic reduction of GeO2 is higher, and the heat released varies depending on the
GeO2 concentration as shown in the reaction equation:

Mg2Si + (1-x) SiO2 + xGeO2→ Si(2-x)Gex + 2MgO; −219 kJ < ΔHorxn < −545 kJ,

(2.3)

The objective of the present work was to investigate SHS of nanostructured Si from SiO 2 and
Mg2Si, and of SiGe from SiO2, GeO2, and Mg2Si. Thermodynamic calculations of the adiabatic
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flame temperature and combustion products were conducted prior to the experiments. The work
included preparation of mixtures, mechanical activation, combustion synthesis, acid leaching, and
characterization of the obtained products by X-ray diffraction analysis (XRD) and scanning
electron microscopy (SEM). The effects of mechanical activation were studied using XRD,
particle size analysis, and differential scanning calorimetry (DSC). For comparison, SHS
experiments with SiO2/Mg mixtures were also conducted.

2.1.1 Thermodynamic calculations
The adiabatic flame temperature and equilibrium product composition of Mg2Si/SiO2 (1:1
mole ratio) mixture were calculated at a pressure of 1 atm and reactants’ temperature of 298.15 K.
The calculations were conducted using THERMO (version 4.3) software, which is based on the
Gibbs free energy minimization and contains a database of approximately 3000 compounds [37].
The results show that the adiabatic flame temperature is equal to the melting point of Si (1687 K).
This temperature is sufficiently high to ensure the self-sustained combustion of the Mg2Si/SiO2
system (Eq. 2.2).
The presence of liquid Si may cause sintering and agglomeration of the product [33].
Fortunately, the obtained product composition contains only 8.9 mol% Si in the liquid state. Since
the calculations were conducted for the adiabatic combustion, it is expected that, because of heat
losses, the experimental combustion temperature will be lower than the melting point of Si, so all
obtained silicon will be in the solid state, thus mitigating sintering and agglomeration.
To further decrease the temperature, an inert diluent could be added to the system. Sodium
chloride (NaCl) has been used for this purpose in several combustion systems [2,33,38].
Additionally, it has been shown that along with decreasing combustion temperature, molten NaCl
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encapsulates the products, thus preventing grain growth [31]. To validate the feasibility of adding
NaCl to the proposed system, thermodynamic calculations were conducted under the same
conditions for the mixtures of SiO2, Mg2Si, and NaCl where SiO2 and Mg2Si were in stoichiometry
(Eq. (2.2)) and the mole fraction of NaCl was varied from 0 to 1.
Figure 2.1 shows the adiabatic flame temperature and equilibrium product composition for
these mixtures. The temperature curve includes plateaus at NaCl mole fractions of 0–0.02 and
0.43–0.53 due to melting of Si and NaCl, respectively. With increasing the mole fraction of NaCl
from 0.02 to 0.3, the adiabatic flame temperature decreases from 1687 K to 1265 K. It is known
that at such temperatures, SHS usually requires mechanical activation of the mixture. Further
increase in the concentration of NaCl could decrease the temperature beyond the combustibility
limit, where self-propagation of the combustion front is impossible even after mechanical
activation. In addition, it is desired to maintain the temperature higher than the melting point of
NaCl (1074 K) because this leads to a finer grain size of the product [31]. Thus, the mole fraction
of NaCl in the mixture should be in the range from 0 to 0.3 (0 to 27 wt%).
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Figure 2.1: Adiabatic flame temperature and product equilibrium composition vs. NaCl mole
fraction in SiO2/Mg2Si/NaCl mixtures.

Figure 2.2 shows the adiabatic flame temperature and equilibrium product composition of the
SiO2/GeO2/Mg2Si mixture. The concentrations of GeO2 and SiO2 were varied according to
Eq. (2.3). The x-axis is the mole fraction of Ge in the combustion products. For clarity, 0.1 mole
fraction of Ge in the combustion products corresponds to an Si:Ge mole ratio of 80:20 in the
leached products. The adiabatic flame temperature is constant at the melting point of Si (1690 K)
in the Ge concentration range of 0 to 6.25% in the combustion products because of the Si solidliquid phase transition. From 6.25 to 10% Ge, all Si is liquid, and as a result, the adiabatic flame
temperature rises linearly. After 10% Ge, gas products SiO (g) and Mg (g) appear and create a
disproportion in the stoichiometry and the appearance of Mg2SiO4 (s). Because the concentrations
of these phases are small, they were combined into a single phase in Fig. 2.2 and labeled as “other.”
8

Figure 2.2: Adiabatic flame temperature and product equilibrium composition vs. Ge mole
fraction in the products obtained by combustion of SiO2/GeO2/Mg2Si mixture.

2.1.2 Materials cost analysis
A concern may arise about the cost of using Mg2Si instead of Mg. The costs of the silicon
obtained by both methods were first estimated based on the current prices of the used powders on
the market of chemicals/reagents (Alfa Aesar and Sigma Aldrich) and their required amounts
according to Eqs. (2.1) and (2.2), with no processing costs. Table 2.1 shows that the silicon
obtained using Mg2Si is 1.2 times more expensive than that obtained using Mg. A second estimate
was made based on the costs of mineral commodities. Note that this approach has been used for
estimating the costs of compounds and alloys [16,39]. The summary of mineral commodities
published by the U.S. Geological Survey [40] provides the costs of industrial sand (over 95% SiO2,
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0.05 USD/kg) and magnesium metal (5.18 USD/kg). Since Mg2Si is not listed there, its cost was
determined based on those of magnesium and metallurgical-grade silicon (2.43 USD/kg) with no
processing costs. This estimate shows that the silicon obtained using Mg2Si is 37% less expensive
than that obtained using Mg (see Table 2.1). Based on the two estimates, it can be concluded that
the costs of fabricating Si by the two methods may be comparable, and the choice could be based
on the product quality.

Table 2.1: Costs of the used materials and the obtained silicon for the reduction of SiO2 by Mg
and Mg2Si.
Reaction
Equation

Cost (USD/kg)
SiO2

Mg

Mg2Si

Si

Based on the prices of used powders
Eq. (2.1)

13.20

832.00

−

1468.14

Eq. (2.2)

13.20

−

2340.00

3208.88

Based on mineral commodity prices
Eq. (2.1)

0.05

5.18

−

9.07

Eq. (2.2)

0.05

−

4.17

5.75

2.2 Experimental
Silicon (IV) oxide (SiO2, −400 mesh, 99.5% pure, Alfa Aesar) and magnesium silicide (Mg2Si,
lumps, 99.5% pure, Alfa Aesar) were milled in a shaker ball mill (SPEX SamplePrep 8000D) at
1060 cycles per minute. For milling, the reactants were placed at 1:1 mole ratio into tungsten
carbide vials, and tungsten carbide balls were added at a ball-to-mixture mass ratio of 5:1 and 10:1.
The milling was conducted under argon to prevent the oxidation of Mg2Si. The tested milling
10

times were 1, 5, 15, and 60 min. Experiments with sodium chloride (NaCl, 99% pure, SigmaAldrich) as an inert diluent were also conducted. NaCl was added to unmilled Mg2Si/SiO2 mixture
(1:1 mole ratio) to create mixtures with 15−25 wt% NaCl, which were then milled under the same
conditions for 5 min. For comparison, Mg/SiO2 mixtures were also prepared. The magnesium
(−325 mesh, 99.8% pure, Sigma-Aldrich) and silicon oxide were mixed in a three-dimensional
inversion kinematics tumbler mixer (Inversina 2L, Bioengineering) for one hour. To synthesize
SiGe, germanium (IV) oxide (GeO2, 99.999%, Alfa Aesar) was added to the Mg2Si/SiO2 mixture
with the required proportion for fabricating Si0.9Ge0.1 or Si0.8Ge0.2. The Mg2Si/SiO2/GeO2 mixture
was ball milled under the same conditions as the Mg2Si/SiO2 mixture.
The particle size distribution of the milled powder was measured with a laser diffraction
particle size analyzer (Microtrac Bluewave), using isopropyl alcohol as the liquid carrier. In all
measurements, the particle shape was considered irregular. The refraction index was calculated by
the rule of mixtures and set to 1.64 for SiO2 (quartz), 4.02 for Mg2Si [41], and 2.41 for the
Mg2Si/SiO2 mixture.
The influence of mechanical activation on the reactions in SiO2/Mg2Si mixtures was also
studied using a differential scanning calorimeter (Netzsch DSC 404 F1 Pegasus). The DSC was
calibrated using metal standards (Sn, Bi, Al, and Ag). More specifically, the sensitivity of the
device was corrected by measuring the melting peak area (μV∙s/mg) and adjusting with the
enthalpy (J/g), while the temperature was calibrated by measuring the melting point and comparing
with the expected value. The mass of each sample was measured with an analytical balance. After
that, the sample was placed into an 80 μL alumina crucible and heated in ultra-high purity argon
flow at a heating rate of 10 K/min up to 800 °C. Prior to each experiment, a baseline curve for the
empty crucible was generated and then subtracted from the sample curve.
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The milled powders were cold-pressed into cylindrical pellets (diameter: 13 mm, height: 18−20
mm; mass: about 4 g) using a uniaxial hydraulic press at a force of 19.6 kN. The pellet was installed
vertically on a ceramic fiber insulator (Fiberfrax) inside a 30 L stainless steel reaction chamber. A
schematic diagram of the setup is shown elsewhere [42]. A booster pellet, made of a titanium/boron
mixture (1:2 mole ratio, mass: 1 g), was placed on top of the sample to ensure reliable ignition and
the same ignition energy in all tests. The chamber was evacuated and filled with ultra-high purity
argon at 1 atm three times. The booster pellet was ignited by a tungsten wire heated with a DC
power supply (Mastech HY3050EX). The combustion process was observed using video recording
(IDS UI-3140CP Rev. 2) through a glass window. Thermocouples (WRe5/WRe26, type C, wire
diameter 76 μm, Omega Engineering) were used to measure the temperature in the middle of the
sample during the combustion process. The thermocouples, located in two-channel ceramic
insulators (outer diameter 0.8 mm, Omegatite 450, Omega Engineering), were inserted into pellets
through channels, drilled perpendicularly to the pellet axis.
After combustion, the products were leached in a 1M hydrochloric acid solution for 6 h to
remove MgOand NaCl in the inert diluent experiments. To ensure that the amount of HCl is
sufficient for leaching all MgO, the HCl:MgO mole ratio was set to 4:1. The obtained silicon was
filtered, rinsed, and dried for 24 h. The morphology of the products was investigated using
scanning electron microscopy (Hitachi S-4800). The phase composition of the precursors and
products was determined using X-ray diffraction analysis (Rigaku MiniFlex II, Cu Kα, 0.154 nm).
The XRD peak broadening, induced by crystallite size and strain, was studied using the DoubleVoight method [43] and TOPAS 4.2 software. In this method, the Gaussian and Lorentzian
components are convoluted into the XRD peaks as a function of 1/cos(θ) for size and tan(θ) for
strain. The mean crystallite size is reported as a volume-weighted integral-breadth (LVol-IB), and the
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strain (e0) as the maximum strain [43]. TOPAS 4.2 software was also used to calculate the
concentration of the reactants as a function of ball milling time by conducting a quantitative phase
analysis based on the Rietveld refinement of the XRD patterns.

2.3 Results and Discussion
2.3.1 Mechanical activation
Figure 2.3 shows the typical DSC curves of the Mg2Si/SiO2 mixtures milled for 1 min at a ballto-mixture mass ratio of 5:1 and 10:1. The fluctuations below 200°C are due to the stabilization of
the temperature by the instrument (drag effect). The DSC profiles follow the same pattern, which
includes an initial increase in the signal, stabilization, and a noticeable exothermic peak. This peak
appears around 680 °C for the mixture milled at 5:1 ball-to-mixture mass ratio and 600 °C for the
mixture milled at a 10:1 ball-to-mixture mass ratio. The reduction in the peak temperature is caused
by an increase in the activation of the powder, which is characterized by the energy absorbed by
the powder during ball milling. The power consumption during ball milling is proportional to the
number of balls [44].
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Figure 2.3: DSC curves of Mg2Si/SiO2 mixtures milled with a ball-to-mixture mass ratio of 5:1
and 10:1.

Figure 2.4 shows DSC curves of Mg2Si/SiO2 mixtures milled for 1, 5, and 15 min. The
exothermic peak appears around 600 °C for the mixture milled for 1 min and 550 °C for the
mixtures milled for 5 and 15 min (the curves of the mixtures milled for 5 and 15 min virtually
overlap).
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Figure 2.4: DSC curves of Mg2Si/SiO2 mixtures milled for 1, 5, and 15 min with a ball-tomixture mass ratio of 10:1.

Figure 2.5 shows the DSC peak temperature vs. milling time of the Mg2Si/SiO2 mixtures milled
with a ball-to-mixture mass ratio of 5:1 and 10:1. The error bar is the standard deviation of three
DSC experiments at the same conditions. Increasing the number of balls significantly reduces the
reaction temperature. However, with increasing milling time from 5 to 15 min, the DSC peak
temperatures do not change significantly. A similar effect has been observed during ball milling
of Fe/CuO mixtures [45]. Additional discussions of the DSC results are presented in sections 2.3.2
and 2.3.3.
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Figure 2.5: DSC peak temperature as a function of milling time of Mg2Si/SiO2 mixtures milled
with a ball-to-mixture mass ratio of 5:1 and 10:1.

Figure 2.6 shows the XRD patterns of the Mg2Si/SiO2 mixture after ball milling for 1, 5, 15,
and 60 min with a ball-to-mixture mass ratio of 10:1. It is seen that 15 min milling does not result
in any detectable reaction. However, there is a noticeable broadening of the XRD peaks with
increasing milling time from 1 to 5 and then 15 min. The apparent broadening is angle-dependent,
which is a characteristic of strain-induced broadening [43]. Milling for 60 min resulted in the
reaction inside the vial, but the presence of SiO2 indicates incomplete conversion, which is usual
for MSR processes [35]. The XRD pattern of the mixture milled for 60 min also shows small peaks
of an undesired Mg2SiO4 phase, which was not predicted in the thermodynamic calculations.
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Figure 2.6: XRD patterns of Mg2Si/SiO2 mixtures milled for different times.

The maximum (upper limit) lattice strain e0 (=Δd/d) was calculated for both SiO2 and Mg2Si
according to [43] using Topas 4.2 with Lorentzian and Gaussian convolutions for the crystallite
size and strain, respectively. The obtained values for different milling times are shown in Fig. 2.7,
with the standard deviations based on three tests for each milling time. The increase in strain, from
0.05 to 0.17 % in SiO2 and from 0.03 to 0.19% in Mg2Si, explains the peak broadening observed
in the XRD patterns of mechanically activated mixtures. Table 2.2 summarizes the DSC results
and lattice strain induced by ball milling.
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Figure 2.7: Effect of milling time on the lattice strain of Mg2Si and SiO2 milled with a ball-tomixture mass ratio of 10:1.

Table 2.2: The influence of the milling time on the lattice strain in the particles, DSC peak
temperature of the Mg2Si/SiO2 mixture, and the crystallite size of the silicon
particles obtained by combustion of this mixture.
Milling time

SiO2 strain

Mg2Si strain

DSC peak
temperature

Crystallite size

min

%

%

°C

nm

1

0.046 ± 0.013

0.027 ± 0.011

636 ± 2

45.1 ± 4.4

5

0.080 ± 0.017

0.105 ± 0.004

604 ± 6

40.0 ± 5.0

15

0.166 ± 0.005

0.188 ± 0.001

600 ± 6

39.7 ± 9.1

The effect of ball milling on the concentration of the reactants is illustrated in Fig. 2.8. It is
seen that the concentrations of Mg2Si and SiO2 in the mixture milled for 5 min are equal to the
concentrations that are based on the stoichiometry. Note that this does not indicate that SiO2 and
Mg2Si do not react during ball milling since the reaction will consume them equally. In addition,
18

it is possible that the product Si is not detected by the XRD. Increasing the milling time to 15 min
slightly changes the concentrations of the reactants. The observed change of the mixture ratio at
1 min of milling could be an effect of a preferential sticking of Mg2Si to the milling balls at the
early stages of milling.

Figure 2.8: Effect of milling time on the concentration of Mg2Si and SiO2 milled with a ball-tomixture mass ratio of 10:1.

Figure 2.9 shows the particle size distributions for the used SiO2 powder, Mg2Si milled for
1 min, and Mg2Si/SiO2 mixtures milled for 1, 5, and 15 min with a ball-to-mixture mass ratio of
10:1. To facilitate comparison, the curves are shown using different scales of the vertical axis. It
is seen that the milled Mg2Si has a particle size distribution similar to that of the SiO2 powder.
However, milling Mg2Si and SiO2 together for the same time (1 min) fabricates a powder with a
different particle size distribution. While it has a peak close to those in the curves for the individual
Mg2Si and SiO2, it also has a greater peak at larger sizes. Thus, milling the powders together creates
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a large number of coarser particles. Apparently, agglomeration in the mixture of Mg2Si and SiO2
powders is greater than in each of these powders alone. With increasing the milling time,
agglomeration increases. This is seen from the particle size distributions of the mixtures milled for
5 and 15 min, where the first peak is smaller, and the second peak is more prominent. These
observations can be characterized quantitatively with the mean volume diameter and the median
volume diameter, which are parameters commonly used for the characterization of powders.
Table 2.3 shows these parameters for the tested mixtures.

Figure 2.9: Particle size distributions of SiO2, Mg2Si milled for 1 min, and Mg2Si/SiO2 mixtures
milled for 1, 5, and 15 min with a ball-to-mixture mass ratio of 10:1.
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Table 2.3: Particle size characteristics for SiO2, Mg2Si milled for 1 min, and Mg2Si/SiO2 mixture
milled for 1, 5, and 15 min with a ball-to-mixture mass ratio of 10:1.
Sample

Mean volume diameter

Median volume diameter

μm

μm

Mg2Si (1 min)

6.54

6.05

SiO2

4.37

3.51

Mg2Si/SiO2 (1 min)

19.20

13.15

Mg2Si/SiO2 (5 min)

98.50

48.25

Mg2Si/SiO2 (15min)

31.23

20.24

Figures 2.10a and 2.10b show SEM images of the Mg2Si/SiO2 mixtures milled for 1 and 15
min, respectively. Large composite particles are observed in both images. For clarity, Figure 2.10c
shows a zoomed image of the rectangular area in the image shown in Fig. 2.10b. It is seen that the
composite particle is formed of submicron and micron-sized particles. These composite particles
are likely responsible for the shift to the right in the particle size distributions of the milled mixtures
(Fig. 2.9).
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Figure 2.10: SEM images of Mg2Si/SiO2 mixture milled for (a) 1 and (b, c) 15 min with a ballto-mixture mass ratio of 10:1.

The observed decrease in the DSC peak temperature (Fig. 2.5) with increasing the milling time
from 1 to 5 min is explained by the formation of composite particles (Fig. 2.10), which clearly
increases the contact area of the reactants. As the milling time increases, a larger fraction of the
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reactants are welded into the composite particles, and the mixture becomes more homogeneous.
This explains the change in the particle size distribution with increasing the milling time from 1 to
5 or 15 min (Fig. 2.9). A similar behavior was observed with increasing the milling time in the NiAl system, where the ignition temperature and activation energy reached a minimum once the
components

became

completely

incorporated

into

the

composite

particles

(called

“mechanocomposites”) [46,47].
Summarizing, the DSC has shown that increasing the number of milling balls and milling time
increases the reactivity of the mixture. Milling with a ball-to-mixture mass ratio of 10:1 for 5 min
decreases the DSC peak temperature, but further milling appears to be ineffective. The XRD does
not detect any Si when ball milling up to 15 min. However, the stoichiometry of the mixture
changes at 1and 15 min of milling, which can be caused by preferential sticking of a component
to the milling media. The particle size analysis and SEM have shown that the milling time as short
as 1 min was sufficient to create large composites, consisted of submicron and micron-sized
particles.

2.3.2 Combustion of Mg/SiO2 mixtures
The DSC of the Mg/SiO2 mixture is shown in Fig. 2.11. The heat flow profile is similar to the
one observed in the Mg2Si/SiO2 DSC experiment. However, the exothermic peak is sharper, which
could be an effect of the higher exothermicity of the Mg/SiO2 reaction. The exothermic peak
(located at 488 °C) has an onset and termination before the melting point of Mg (650 °C).
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Figure 2.11: DSC curves of Mg/SiO2 mixture mixed for 60 min.

Figure 2.12 shows the combustion process of the Mg/SiO2 mixture. The combustion emitted a
very bright light, and the front propagation velocity was high, about 20 mm/s. Also, a gaseous
flame is observed around the sample, which indicates the loss of Mg vapor and possibly its
oxidation by oxygen impurities in the gas environment. The observed expansion of the pellet is
also caused by the generation of the Mg vapor.

24

0s

1s

2.4 s

3.4

6s

Figure 2.12: Combustion of Mg/SiO2 mixture mixed for 60 min.
Figure 2.13 shows the thermocouple record in the center of the sample for the Mg/SiO2 sample.
Since the voltage−temperature characteristic of a C-type thermocouple is strongly non-linear [48],
the plot shows the voltage, while horizontal gridlines indicate temperatures for reference. The time
variation of temperature exhibits a sharp temperature rise to 1080 °C, close to the boiling point of
Mg (1091 °C) at the experimental pressure. Then the temperature drops slightly, followed by a
slower temperature rise to a temperature above the melting point of Si (1413 °C). The second
temperature rise takes around 2 seconds to be completed. The Mg gas flame that is present around
the sample several seconds after the front reached the bottom of the pellet (Fig. 2.12) indicates that
not all Mg is consumed during the front propagation. Indeed, the combustion temperature during
the front propagation could be limited by the boiling point of Mg, i.e., the Mg vaporization
consumes the heat generated by the combustion. The Mg vapor then reacts with the remaining
SiO2, which results in the temperature increase from 1080 to 1462 °C. In addition, the maximum
measured temperature is 465 °C lower than the adiabatic flame temperature of the Mg/SiO2
(1927 °C), which shows that the heat is lost at a sufficiently high rate to prevent the rise to such a
high temperature or/and that the reaction is incomplete.
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Figure 2.13: Thermocouple signal during combustion of Mg/SiO2.

The XRD pattern of the leached products obtained with the Mg/SiO2 mixture is shown in
Fig. 2.14. The plot indicates that silicon is the main phase. However, forsterite (Mg2SiO4) and
silicon dioxide are also present in the products. Forsterite is predicted thermodynamically, but
silicon dioxide is not. The presence of SiO2 is explained by the loss of Mg vapor during the process;
this effect is also observed in other magnesium thermites [2]. It should be noted that the leaching
of this mixture was conducted when the optimal leaching time, concentration, and HCl/MgO ratio
were not determined yet. This explains why MgO is seen in the XRD pattern.
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Figure 2.14: XRD patterns of the Mg/SiO2 combustion products after leaching.

Figure 2.15 shows the SEM images of the silicon obtained by combustion and leaching of the
Mg/SiO2 mixture. In Fig. 2.15a, it is seen that the particles are on the micrometer scale. However,
after increasing magnification, as shown in Figs. 2.15b and 2.15c, it is observed that the micronsized Si particles have nanoscale pores. This sponge-like silicon structure has been reported
previously [32]. This porous structure is formed because the MgO grains, which are 60 vol% of
the products, leave a void after leaching [32].
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Figure 2.15: SEM images of silicon obtained by combustion and leaching the Mg/SiO2 mixture.
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2.3.3 Combustion of Mg2Si/SiO2 mixtures
Combustion of Mg2Si/SiO2 mixtures emitted much less light than in the case of Mg/SiO2
mixtures, and the front propagation was much slower as well. Figure 2.16 shows the obtained
images of the combustion wave propagation over Mg2Si/SiO2 mixtures milled for 1, 5, and 15 min.
At a milling time of 1 min, the average front velocity was 3.8 mm/s. Increasing the milling time to
5 min almost doubled the front velocity, to 7.1 mm/s. However, the effect of a further increase in
the milling time to 15 min was much smaller, to 9.3 mm/s. These observations confirm the
conclusion that the increase in the milling time from 5 to 15 min does not affect the reactivity
significantly. In all cases, the final product had a laminated structure with fractures in the radial
direction, which indicates the oscillating propagation of the combustion wave [49]. Generally,
pulsating combustion is induced by thermal or mechanical mechanisms [50]. In the Mg2Si/SiO2
combustion process, the pulsating combustion is apparently a result of mechanically induced
cracks that precede the combustion front, as shown in Fig. 2.16a. The cracking is caused by thermal
and mechanical stresses determined by the material’s mechanical properties and thermal expansion
mismatch [49].
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Figure 2.16: Combustion of Mg2Si/SiO2 mixtures milled for (a) 1, (b) 5, and (c) 15 min.

Figure 2.17 shows the XRD patterns of the products obtained by combustion of Mg2Si/SiO2
mixture milled for 5 min, before and after leaching. It is seen that Si and MgO are dominant, with
small peaks of Mg2SiO4 also being present. It should be noted that the formation of Mg2SiO4 was
not predicted in the thermodynamic calculations (see Section 2) though the database of the used
software does include this compound, and its formation from SiO2 and MgO is thermodynamically
favorable (SiO2 + 2MgO → Mg2SiO4; ΔHorxn = −63.6 kJ). Apparently, the formation of Mg2SiO4
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is related to kinetics rather than thermodynamics. It is important that leaching removed both MgO
and Mg2SiO4, leaving only silicon in the sample.

Figure 2.17: XRD patterns of the combustion products before (top) and after (bottom) leaching.

Figure 2.18 shows the SEM images of these products. The products before leaching were
submicron Si and MgO particles (Fig. 2.18a). After leaching, MgO is absent, and Si forms micronsized particles with nanoscale features (Figs. 2.18b and 2.18c). As a comparison, the leached
products of the Mg/SiO2 combustion (shown in Fig. 2.15) have a sponge-like structure. This porous
structure is formed because molten Si covers MgO grains, which constitute 60 vol% of the
products. Leaching removes the MgO grains, leaving voids. In the case of the Mg2Si/SiO2 mixture,
the temperature is lower than the melting point of Si, which prevents sintering.
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Figure 2.18: SEM images of (a) Mg2Si/SiO2 products before leaching and (b, c) Mg2Si/SiO2
products after leaching.

The average crystallite size of the products was calculated based on the volume-weighted
integral-breadth (LVol-IB), derived from Gaussian and Lorentzian convolutions for the crystallite
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size and strain respectively. The results, presented in Table 2.2, show that with increasing the
milling time from 1 to 15 min, the average value of the crystallite size decreased from 45 to 40
nm, but consideration of the standard deviations prevents any reliable conclusion.

2.3.4 Combustion of Mg2Si/SiO2/NaCl mixtures
Since 5 min milling improved the reactivity of Mg2Si/SiO2 mixtures, but further increase in
the milling time was ineffective, Mg2Si/SiO2/NaCl mixtures were milled for 5 min. Figure 2.19
shows the images of combustion propagation over Mg2Si/SiO2 mixtures with 15 and 20 wt% NaCl.
In both cases, the propagation was pulsating, with a visible formation of cracks ahead of the
combustion wave. The average front velocity decreased from 7.1 mm/s at 0% NaCl to 2.3 mm/s
at 15 wt% NaCl and 1.6 mm/s at 20 wt% NaCl. In the sample with 25 wt% NaCl, the front velocity
was 0.7 mm/s, and the combustion front propagated only about half the pellet.
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Figure 2.19: Combustion of Mg2Si/SiO2/NaCl mixtures containing (a) 15 and (b) 20 wt% NaCl.
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Figure 2.20 shows the thermocouple record in the center of the sample for Mg2Si/SiO2 and
Mg2Si/SiO2/NaCl mixtures (the latter had 20 wt% NaCl). The time variation of temperature for
each sample exhibits a sharp temperature rise followed by a gradual decrease due to cooling. In
the Mg2Si-SiO2 system, the recorded maximum temperature (1327 °C) was lower than the melting
point of Si. The maximum temperature decreases with adding NaCl. This is also shown in
Fig. 2.21, where good agreement with the adiabatic flame temperatures at different NaCl
concentrations is clearly seen.

Figure 2.20: Thermocouple signal during combustion of (a) Mg2Si/SiO2, and (b)
Mg2Si/SiO2/NaCl mixtures.
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Figure 2.21: The measured maximum temperature, the adiabatic flame temperature, and the
crystallite size vs. NaCl concentration.

To investigate the effect of NaCl on the Mg/SiO2 reaction, DSC of the Mg/SiO2 mixtures
with NaCl was conducted. Figure 2.22 shows the DSC curve of the Mg/SiO2 mixture with 20wt%
NaCl milled for 5 min. As a reference, the result for the Mg/SiO2 mixture milled for the same time
is also shown. The exothermic peak for the sample with 20 wt% NaCl is located at 604 °C, which
coincides with the average peak temperature (604 ± 6 °C) of the Mg/SiO2 mixture milled for the
same time. This indicates that reactivity of the mixture, which is affected by milling time (as shown
in Fig. 2.5), is not affected by the addition of NaCl.
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Figure 2.22: DSC curves of Mg2Si/SiO2 and Mg2Si/SiO2/NaCl (20 wt% NaCl) mixtures milled
for 5 min at a ball-to-mixture mass ratio of 10:1.

For a better understanding and optimization of the proposed SHS process, modeling could be
very useful. This, in turn, requires knowledge of kinetic parameters of the occurring reactions.
Based on the experimental values of the front velocity and the maximum temperature for
Mg2Si/SiO2 mixtures with and without NaCl, milled for 5 min, the effective activation energy of
the reaction in the combustion wave was estimated using a widely used formula [40]:

𝑢

𝐸

𝑙𝑛 ( ) = −
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑇
2𝑅𝑇
𝑐

(2.4)

𝑐
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where u is the combustion velocity, Tc is the combustion temperature, E is the activation energy,
and R is the universal gas constant. The obtained value of the activation energy is about 143 kJ/mol.
It should be noted that Eq. (2.4) was derived in the combustion theory using the thin-zone
approximation and other assumptions, so caution should be exercised when applying the obtained
value of the effective activation energy to actual processes. Note that this result is only valid for
the mixtures ball milled for 5 min and a ball-to-mixture mass ratio of 10:1, because the ball milling
time has an effect on the activation energy.
Figure 2.23 shows the SEM images of the Mg2Si/SiO2 mixture with 25 wt% NaCl. Similar to
the SEM images of the Mg2Si/SiO2 mixture with no NaCl, the morphology of silicon appears to
be agglomerated nanoparticles. The effect of NaCl concentration on the LVol-IB crystallite size is
shown in Fig. 2.21. With increasing NaCl concentration from 0 to 25 wt%, the average crystallite
size decreases from 40 to 27 nm. This is explained by the lower combustion temperature, which
prevents the sintering of the crystals. Recently, the same temperature effect on the crystallite size
was observed in Si obtained by magnesiothermic reduction of SiO2 [41].

Figure 2.23: SEM images of silicon obtained by combustion of Mg2Si/SiO2 mixture with 25 wt%
NaCl.
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2.3.5 Combustion of Mg2Si/SiO2/GeO2 mixtures
Figure 2.24 shows the images of the combustion wave propagation over Mg2Si/SiO2/GeO2
mixtures milled for 5 min for Mg2Si:SiO2:GeO2 ratio of (a) 1:0.8:0.2 and (b) 1:0.6:0.4.
Mg2Si/SiO2/GeO2 mixtures are more exothermic than Mg2Si/SiO2, which is explained by the
significant difference in the formation enthalpies of GeO2 and SiO2 (−580 kJ/mol and −910 kJ/mol
at standard conditions [29]). The combustion process of the sample with an Mg2Si:SiO2:GeO2
mole ratio of 1:0.8:0.2 (Fig. 2.24a) is similar to the combustion of the Mg2Si/SiO2 mixtures. This
is expected because the adiabatic flame temperature (1414 °C) at this GeO2 concentration is the
same as for the Mg2Si/SiO2 mixture. However, the mixture with an Mg2Si:SiO2:GeO2 mole ratio
of 1:0.6:0.4 results in a different process because of the higher adiabatic flame temperature. During
combustion at this GeO2 concentration, a gas flame appears around the sample.
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Figure 2.24: Combustion of Mg2Si/SiO2/GeO2 mixtures with an Mg2Si:SiO2:GeO2 ratio of (a)
1:0.8:0.2 and (b) 1:0.6:0.4.
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Figure 2.25 shows the temperature recorded during the combustion of the mixture with an
Mg2Si:SiO2:GeO2 ratio of 1:0.6:0.4. The maximum temperature (1605 °C) is higher than the
melting points of both silicon (1414 °C) and germanium (938 °C).
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Figure 2.25: Thermocouple signal during combustion of Mg2Si/SiO2/GeO2 (1:0.6:0.4 mole ratio)
mixture.

Figure 2.26 shows the XRD pattern of the obtained product. It is seen that Si and Ge are
separate phases, not the intended solid solution. This phase segregation was previously reported in
magnesiothermic reduction of SiO2 and GeO2, with the solid solution forming after hot pressing
[3].
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Figure 2.26: XRD patterns of the Mg2Si/SiO2/GeO2 combustion products after leaching.

2.4 Conclusions
The feasibility of using magnesium silicide for the reduction of silica and fabrication of
nanocrystalline silicon in the SHS mode has been investigated.
Thermodynamic calculations have confirmed the combustibility of Mg2Si/SiO2 mixtures and
have shown that NaCl additive decreases the adiabatic flame temperature. The predicted
temperatures are below the melting point of Si (1687 K), which prevents sintering of the formed
Si particles, but they are still sufficiently high for self-sustained combustion if mechanical
activation of the mixture precedes the SHS process.
Mechanical activation in a shaker ball mill has enabled combustion of Mg2Si/SiO2 and
Mg2Si/SiO2/NaCl mixtures. Differential scanning calorimetry and combustion experiments have
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shown that increasing the milling time from 1 to 5 min improves the reactivity, while further
increase in the milling time to 15 or 60 min is ineffective.
The measured combustion temperature of the stoichiometric Mg2Si/SiO2 mixture was lower
than the melting point of Si, which prevented sintering. Leaching in hydrochloric acid produced
micron-scale agglomerates of Si nanoparticles, in contrast with sponge-like Si particles obtained
in the case of using Mg as the reducing agent.
The addition of 15−25 wt% NaCl decreased the combustion temperature and the size of Si
nanoparticles obtained after leaching. With increasing NaCl concentration from 0 to 25 wt%, the
average crystallite size decreased from 40 to 27 nm.
GeO2/SiO2 mixtures can be effectively reduced by Mg2Si to distinct Si/Ge phases as shown by
XRD analysis. A higher concentration of GeO2 results in a higher combustion temperature.
Summarizing, combustion of mechanically activated Mg2Si/SiO2 and Mg2Si/SiO2/NaCl
mixtures produces nanocrystalline silicon powder, which is of interest for various applications.

41

Chapter 3: Oxidation of Magnesium Powders
3.1 Introduction
Magnesium (Mg) powders are widely used in pyrotechnics [4–8]. The combination of high
specific energy and easy ignition also makes Mg advantageous over other energetic metals in
advanced propulsion and power applications [52–59]. For example, power systems based on Mg
fuel could be used in space missions where the use of solar or nuclear energy is impractical [9].
For such applications, the knowledge of Mg oxidation is critically essential. However, despite
decades of studies, the oxidation mechanisms of Mg particles are not well understood.
Until recently, it was commonly agreed that the Mg surface during oxidation at relatively low
temperatures is coated with a thin protective film of MgO, but at higher temperatures, a growing
thick MgO layer is nonprotective, and the oxidation rate is independent of the oxide layer thickness
(the linear oxidation law) [60]. The nonprotective behavior of this layer correlates with the low
(0.81) Pilling-Bedworth ratio for Mg oxidation in oxygen. Since the volume of the formed MgO
is only 81% of the volume of the Mg consumed, pores or cracks form in the oxide layer. While
these results were obtained in experiments with flat samples (e.g., plates), they were applied to
particles as well. Since an Mg particle ignites after the nonprotective oxide layer has already been
formed, the linear oxidation law has been widely used in modeling of the ignition and combustion
of Mg particles [61–63].
Usually, a solid-gas reaction can be characterized by surface nucleation and growth, where the
growth rate is controlled by a single elementary step such as adsorption, desorption, an interfacial
reaction, or diffusion of a species [64]. The controlling step during oxidation of Mg could be
diffusion of Mg, O, or O2 in the oxide layer. Ab initio calculations of these processes indicated that
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in an O2 environment, the growth process is controlled by Mg diffusion through the oxide layer,
which provides a sufficient surface concentration of Mg atoms for the reaction with O2 [65].
In situ transmission electron microscopy (TEM) of oxidation of Mg nanoparticles [66,67] and
nanopillars [68] has shown that the growth of the oxide layer is indeed controlled by outward
diffusion of Mg2+ ions from the metal-oxide interface toward the oxide-gas interface. However,
based on the observation of multiple oxidation stages, Wang et al. [68] have developed a more
complicated mechanism of high-temperature oxidation of Mg particles. After the initial stage of
oxygen adsorption and formation of a thin native oxide layer, Mg2+ ions diffuse toward the oxidegas interface, where their reaction with oxygen produces MgO, increasing the oxide layer
thickness. At the same time, vacancies diffuse inward to the metal-oxide interface, generating
voids. In the next stage, the internal tensile stress, induced by the thicker oxide layer, cracks the
oxide material already weakened by the voids. The cracks expose unreacted Mg, which is then
oxidized by O2 gas that penetrates through the cracks. The formed MgO nuclei grow at the crack
sites with a spongy morphology, leading to catastrophic oxidation.
Although these reports offer a qualitative explanation of the oxidation mechanism, there is a
need for quantitative characterization of the oxidation. The complex processes may occur after the
formation of the initial oxide film not only in nanoscale structures but also in micron-sized
particles, and they cannot be described by the linear law.
Recently, two teams have reported the results of thermoanalytical studies on the oxidation
kinetics of Mg particles. Nie et al. [69] conducted non-isothermal thermogravimetric analysis
(TGA) of the oxidation of a spherical Mg powder (two fractions of the powder with a nominal size
of −325 mesh) in an oxygen/argon (10% O2) gas mixture. They assumed that the reaction at the
oxide-metal interface is controlled by oxygen diffusion through a coherent oxide layer. The
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diffusion-controlled mechanism, however, contradicts both the previous reports of a nonprotective
oxide layer on Mg surface and the aforementioned recent observations [21-23]. Oxygen penetrates
to the oxide-metal interface by infiltration through cracks or pores, not by diffusion through the
oxide lattice [68]. Applying an integral isoconversional method to the TGA data has revealed an
apparent activation energy of approximately 148 kJ/mol. This value is much lower than 211 kJ/mol
obtained for the oxidation of Mg plates in a classic work [60]. It should be noted that the authors
[24] observed a noticeable evaporation and even ignition of Mg at high temperatures, possibly due
to self-heating of too large samples (the sample mass was not reported). To avoid these undesired
effects, the authors limited the temperature in the furnace by 840 K (567 °C). As a result, the
analysis of the incomplete TG curves could produce incorrect results.
Moser et al. [70] conducted TGA of Mg oxidation in an oxygen/nitrogen (20% O2) gas mixture,
testing two fractions (20–50 μm and 50–71 μm) of an Mg powder, particles of which had an
irregular shape. Model-based analysis of the obtained non-isothermal TG data has shown that,
among the tested models, the two-dimensional Avrami-Erofeev (A2) model leads to the best fit
with the experimental curves. However, there are some inconsistencies in the paper. First, although
the two fractions of powder matched the same reaction model, the activation energy values that
resulted in the best fit were different, 146 and 290 kJ/mol for the finer and coarser powder,
respectively. More importantly, they reported that the coarser powder reacted at a higher rate and
lower temperature than the finer powder, which is unexpected since a lower specific surface area
should result in a slower reaction.
More recently, these authors obtained new results on the oxidation of the same powder by
adding a coarser fraction (71–100 μm) and extending the kinetic analysis [71]. However, the used
equation for the conversion rate included the consecutive oxidation stages as parallel reactions,
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which could lead to incorrect results. The obtained activation energies were 72 kJ/mol for the first
stage and 163 kJ/mol for the second stage. However, the authors modeled the initial protective
oxidation as the first-order, non-protective reaction, so the obtained values are doubtful. In
addition, they reported a third stage, observed for the coarsest fraction. This stage is a sharp
acceleration of the oxidation rate at gas temperatures over 600 °C, which, in our opinion, can be
explained by self-heating of the particles and reaching the melting point of Mg, 650 °C (the sample
mass was relatively large, approximately 3 mg).
Thus, the available data on the kinetics and mechanism of oxidation of Mg particles are
contradictory, and a thorough thermoanalytical investigation is warranted. As Vyazovkin et al.
noted [72], “a combination of nonisothermal and isothermal experiments is the best way to
properly establish kinetic models.” The objective of the present work is to clarify the mechanism
and kinetic parameters of the oxidation of Mg particles in oxygen by conducting non-isothermal
and isothermal thermogravimetric experiments with Mg powders of different sizes and shapes
(spherical and flakes) and analyzing the obtained data with model-free and model-based methods.

3.2 Experimental
Most experiments were conducted with three fractions of an atomized (spherical) powder
(>99.8% Mg, Luxfer): −50 +70 mesh (210 – 297 μm), −200 +325 mesh (44 – 74 μm), and −325
+635 mesh (20 – 44 μm). In addition, a powder with irregularly shaped particles (99.8% pure,
−325 mesh, Sigma Aldrich) was tested.
The sample of each powder (0.63±0.19 mg) was placed into an alumina crucible (diameter:
about 6 mm, volume: 85 μL) and heated under a continuous 30 mL/min O2 gas flow (purity 99.994
%, Airgas) in a thermogravimetric analyzer (Netzsch TG 209 F1 Iris). In non-isothermal tests, the
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sample was heated at 1, 2.5, and 5 K/min to a maximum temperature of 800 °C. The thermocouple,
attached to the crucible, was calibrated for each heating rate by using the melting points of four
metal standards (In, Bi, Al, and Ag) and the c-DTA® (Netzsch) technique. Isothermal experiments
were conducted at 525, 550, and 575 °C with a 20 K/min heating ramp before the isothermal stage.
It should be noted that dilution of oxygen with argon (10% O2 in the mixture) showed no effect
on the reaction rate (see Fig. a1 in the appendix). To eliminate any potential effect of oxygen
diffusion through the binary gas mixture on the reaction rate, all the tests reported here were
conducted in pure oxygen. The relatively small mass of the sample was selected to prevent
temperature errors caused by self-heating that can occur in large samples [72]. Indeed, the attempts
to use a mass larger than 1 mg in some cases led to substantial temperature spikes in the nonisothermal tests and to a considerably faster reaction rate in the isothermal tests (see Fig. A2 in the
appendix).
The morphology of initial and oxidized Mg particles was examined with JEOL IT500LV and
Hitachi S-4800 scanning electron microscopes (SEM). The particle size distribution was
determined for each fraction of Mg powder using a laser diffraction particle size analyzer
(Microtrac Bluewave) and isopropyl alcohol as a liquid carrier.
The TGA results were analyzed assuming that the reaction rate equation is described by:
𝑑𝛼
𝐸
= 𝐴 exp (− ) 𝑓(𝛼)
𝑑𝑡
𝑅𝑇

(3.1)

where α is the extent of conversion, t is the time, A is the pre-exponential factor, E is the activation
energy, R is the universal gas constant, T is the temperature, and 𝑓(𝛼) is the function determined
by the reaction model. The analysis was conducted with Netzsch Kinetics Neo software, using
model-free and model-based methods. The differential Friedman method [73] was selected for the
model-free analysis because it could be used with both non-isothermal and isothermal results. For
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the non-isothermal experiments, the integral Vyazovkin method [74] showed similar results. Table
1 shows the reaction models that were tested in the model-based analysis conducted with Kinetics
Neo. For additional insight into the oxidation mechanism, the TGA results on isothermal oxidation
of the atomized Mg powder were analyzed following Mampel’s approach [75].
Table 3.1: Reaction models tested in the model-fitting analysis of TGA data.
Code

Reaction model

f(α)

F1

First order

(1−α)

R3

Contracting volume

3(1−α)2/3

A2

Two-dimensional Avrami-Erofeev

2(1−α)[−ln(1−α)]1/2

A3

Three-dimensional Avrami-Erofeev

3(1−α)[−ln(1−α)]2/3

An

n-dimensional Avrami-Erofeev

n(1−α)[−ln(1−α)](n−1)/n

D3

Three-dimensional diffusion, Janders

[3(1−α)2/3]/[2(1−(1−α)1/3)]

D4

Three-dimensional diffusion, Ginstling-Brounstein

3/[2((1−α)−1/3−1)]

3.3 Results and Discussion
3.3.1 Characterization of Mg powders
Figure 3.1 shows the particle size distributions of the atomized and “irregularly shaped” Mg
powders, while Table 2 shows the particle size characteristics. Since the distributions have maxima
close to 30, 60, and 300 μm, the atomized powders are labeled Mg30, Mg60, and Mg300
throughout the paper, while the “irregular shaped” powder is labeled Mg flakes. As seen in Fig.
3.1, the size distributions of Mg30 and Mg flakes overlap over a wide range. There is also a
significant overlap of the particle size distributions for Mg30 and Mg60.
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Figure 3.1: Particle size distributions of the tested powders.

Table 3.2: Particle size characteristics of Mg30, Mg60, Mg300, and Mg flakes.
Sample

Sauter mean diameter

Mean volume diameter

Median diameter

μm

μm

μm

Mg30

32

34

32

Mg60

56

60

57

Mg300

276

293

282

Mg flakes

23

31

28

Figure 3.2 shows the SEM images of all tested powders. It is seen that particles in each fraction
of the atomized powder are spherical. Some particles in this powder had shapes resembling a disk
or a peanut. The “irregularly shaped” powder (Fig. 3.2d) indeed consists of flakes.
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(a)

(b)

(c)

(d)

Figure 3.2: SEM images of (a) Mg30, (b) Mg60, (c) Mg300, and (d) Mg flakes.
3.3.2 Non-isothermal oxidation of spherical Mg particles
In the TGA experiments, the average maximum mass gain of the oxidized spherical powders
was close to the theoretical value, 65.8% (64.4 ± 3.0 % for Mg30, 64.0 ± 0.4 % for Mg60, and
64.0 ± 1.5 % for Mg300). Figures 3.3a – 3.3c show the TGA curves at three heating rates for
Mg30, Mg60, and Mg300 powders. For each fraction of the spherical powder, three non-isothermal
runs were performed at each heating rate. The curves are normalized to show the extent of
conversion, α. The colored area represents the standard deviation of the three experiments per
heating rate. It is seen, as expected, that with increasing heating rate and particle size, the reaction
requires higher temperatures. Note that the error increases with increasing heating rate, which was
also expected. The effect of particle size is clearly seen in Fig. 3.3d, which shows the conversion
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rate as a function of the temperature for the three powders at 1 K/min heating rate. At a larger
particle size, the conversion rate peak is lower and shifted to a higher temperature.

Figure 3.3: Experimental TG curves for non-isothermal oxidation of (a) Mg30, (b) Mg60, and (c)
Mg300 powders at heating rates of 1, 2.5, and 5 K/min; (d) experimental conversion rate vs.
temperature for Mg30, Mg60, and Mg300 at 1 K/min heating rate.

In Figs. 3.3a – 3.3c, eight dependencies have a smooth sigmoidal shape, with complete
oxidation at temperatures below the melting point of Mg, 650 °C. However, the dependence for
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Mg300 (Fig. 3.3c) heated at 5 K/min rate exhibits a jump in conversion from 0.6 to almost 1 at
630 °C. This effect is explained by approaching the melting point of Mg (melting may lead to
capillary spreading and hence acceleration of the reaction with oxygen). As noted above, jumps at
similar temperatures were also observed in TG curves for oxidation of Mg flakes, fraction 71-100
μm, sample mass 3 mg [71].
Figure 3.4 shows the dependences of the activation energy on the extent of conversion obtained
by the Friedman analysis of the non-isothermal thermogravimetric data for the three atomized
powders. The oxidation of Mg30 appears to occur in a single stage because the activation energy
is virtually constant, around 200 kJ/mol, from 0.2 to 0.9 conversion. The activation energy of
Mg60 oxidation is nearly constant until the conversion reaches 0.6, and it slowly decreases with a
further increase in the conversion. The jump in the conversion upon reaching 0.6 at 630 °C,
observed in Fig. 3c for Mg300, is reflected in the jump of the activation energy at the same
conversion in Fig. 4. It should be noted that the large deviations observed for Mg300 in this plot
and in Fig. 3c may be associated with a small number of particles in the sample. Indeed, if all
particles in the sample were of the same diameter (equal to one of the diameters listed in Table
3.2), an average sample (0.63 mg) would contain only about 30 particles (compare with 103 – 104
particles in Mg30 and Mg60). At such a small number of particles, shape imperfections and size
variations may increase the experimental error.
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Figure 3.4: Activation energy vs. the extent of conversion obtained by the Friedman analysis of
the non-isothermal TG curves for Mg30, Mg60, and Mg300 powders.

Table 3.3 shows the results of the model-based analysis (see the descriptions and kinetic
functions of the tested models in Table 1). It is seen that the first-order reaction (F1) and
contracting sphere (R3) models show a poor fit, and the spherical diffusion (D3 and D4) models
show unrealistically high activation energies and an even worse fit. The Avrami-Erofeev model
exhibits the best fit for each powder. This model describes simultaneous nucleation and growth.
The dimension of the model is 3 (A3 model) for Mg30 and Mg60 and 2 (A2 model) for Mg300.
The activation energies that result in the best model fit are 230, 225, and 221 kJ/mol for Mg30,
Mg60, and Mg300, respectively. The fact that these values are close to each other and also to the
value of 211 kJ/mol obtained for Mg plates [60] implies that the conducted experiments were
accurate and the Avrami-Erofeev model properly describes the process.
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Table 3.3: Kinetic parameters of the oxidation of Mg30, Mg60, and Mg300 powders based on
non-isothermal tests.
Mg30
Model

Fit (R2)

Mg60

E

Log10(A)

kJ/mol

1/s

Fit (R2)

E

Mg300
Log10(A) Fit (R2)

kJ/mol

1/s

E

Log10(A)

kJ/mol

1/s

F1

0.981

361

19.8

0.989

321

17.0

0.995

307

15.4

R3

0.983

320

16.6

0.991

295

14.8

0.995

286

13.7

A2

0.994

249

12.7

0.998

226

11.1

0.998

221

10.3

A3

0.998

230

11.5

0.999

225

11.0

0.995

206

9.35

D3

0.915

479

26.7

0.977

498

26.8

0.986

494

25.6

D4

0.967

510

28.0

0.978

453

24.0

0.987

449

22.8

Figures 3.5a – 3.5c compare the experimental TG curves and the TG curves calculated based
on A3 model for Mg30 and Mg60, and A2 model for Mg300. It is seen that the calculated and
experimental curves overlap, especially for Mg30, though for Mg60 and Mg300 at conversion over
0.6, the model-based curves at 2.5 K/min overshoot the experimental ones. Experimental and
model-based curves of the other models listed in Table 3.3 are shown in Figs. A3 – A6 of the
appendix.
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Figure 3.5: Experimental (color) and predicted (black) TG curves for non-isothermal oxidation
of (a) Mg30, (b) Mg60, and (c) Mg300 powders.
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Figure 3.6 shows the SEM images of Mg30 and Mg300 particles oxidized at heating rates of 1
and 5 K/min. It is seen that all particles comprise nanoscale grains, which is consistent with the
Avrami-Erofeev model. There is no apparent difference between Mg30 particles oxidized at 1 and
5 K/min. However, Mg300 particles oxidized at 5 K/min appear different from those oxidized at
1 K/min. The cracks observed in the particle oxidized at 5 K/min may correspond to the
aforementioned jump in the conversion at 630 °C.

(a)

(b)

(c)

(d)

Figure 3.6: SEM images of oxidized particles: (a) Mg30 at 1 K/min, (b) Mg30 at 5 K/min, (c)
Mg300 at 1 K/min, and (d) Mg300 at 5 K/min.

55

3.3.3 Isothermal oxidation of spherical Mg particles
Figures 3.7a – 3.7c show the normalized TG curves obtained in the isothermal tests of Mg30,
Mg60, and Mg300 at 525, 550, and 575 °C. The temperature – time profiles are also shown in
these plots. It is seen that at the beginning of the isothermal heating, the extent of conversion is
relatively small. All TG curves are clearly sigmoidal. Both higher temperature and smaller particle
size result in a higher reaction rate. Figure 7d shows the reaction rate vs. time for Mg30, Mg60,
and Mg300 at 525 °C. As a reference, a dashed line for the reciprocal of the Sauter mean diameter
(see Table 3.2) was added in the secondary y-axis. It is seen that the maximum reaction rate
correlates with the reciprocal of the diameter. For the contracting sphere model (R3), the maximum
of the reaction rate for an α – t curve is indeed proportional to the reciprocal of the diameter.
Although the Avrami-Erofeev is not a geometrical model, increasing the surface area of a reactant
generally increases the maximum slope of the α – t curve [76]. In addition, this may indicate that
the activation energy of Mg oxidation in oxygen is independent of the particle size.
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Figure 3.7: Experimental TG curves for isothermal oxidation of (a) Mg30, (b) Mg60, and (c)
Mg300 powders at 525, 550, and 575 °C; (d) experimental conversion rate vs. time for
isothermal oxidation of Mg30, Mg60, and Mg300 at a 525 °C.

Figure 3.8 shows the dependences of the activation energy on the extent of conversion that
were determined by the Friedman analysis of the TG data obtained in the isothermal tests for the
three atomized powders. Note that the sharp acceleration of Mg300 oxidation, seen in the nonisothermal tests at a heating rate of 5 K/min (Fig. 3.3c), is not observed here because the
temperature did not approach the melting point of Mg. The approximate constancy of the activation
57

energy over a wide range of the extents of conversion indicates that Mg oxidation occurs in a single
stage.

Figure 3.8: Activation energy vs. the extent of conversion obtained by the Friedman analysis of
the isothermal TG curves of Mg30, Mg60, and Mg300 powders.

Table 3.4 shows the kinetic parameters that result in the best fit of the isothermal curves
calculated using different models with the experimental isothermal curves (the initial nonisothermal period was included). For Mg30 and Mg60 powders, as in the non-isothermal analysis,
A3 model leads to the best fit, whereas for Mg300, both A2 and R3 models work better than A3.
The activation energy of Mg30 oxidation, 221 kJ/mol, is close to the value obtained in the nonisothermal tests (230 kJ/mol), though the activation energy of Mg60 oxidation, 279 kJ/mol, is
significantly higher than for the non-isothermal results (225 kJ/mol). For Mg300, A2 model fits
with an activation energy of 189 kJ/mol, i.e., lower than for the non-isothermal results (221
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kJ/mol). Figure 3.9 compares the experimental isothermal TG curves with the isothermal curves
calculated with A3 model for Mg30 and Mg60 and with A2 model for Mg300. Experimental and
model-based curves of the other models listed in Table3.4 are shown in Figs. A7 – A10 in the
appendix.

Table 3.4: Kinetic parameters of the oxidation of Mg30, Mg60, and Mg300 powders based on
isothermal tests.
Mg30
Model

Fit (R2)

Mg60

E

Log10(A)

kJ/mol

1/s

Fit (R2)

E

Mg300
Log10(A) Fit (R2)

kJ/mol

1/s

E

Log10(A)

kJ/mol

1/s

F1

0.968

221

10.9

0.957

279

14.6

0.980

190

8.6

R3

0.972

217

10.2

0.974

307

15.7

0.988

189

7.9

A2

0.991

219

10.8

0.993

273

14.1

0.987

189

8.5

A3

0.995

221

10.9

0.998

279

14.5

0.973

192

8.7

D3

0.926

237

10.9

0.902

310

15.5

0.928

192

7.6

D4

0.936

225

10.1

0.914

293

14.3

0.942

190

7.4
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Figure 3.9: Experimental (color) and predicted (black) TG curves for isothermal oxidation of (a)
Mg30, (b) Mg60, and (c) Mg300 powders.
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In addition, we have calculated the isothermal TG curves assuming that the extent of
conversion is zero at the beginning (i.e., neglecting the conversion during the non-isothermal
period) and testing the same kinetic models. Fitting the experimental curves has produced similar
results, which are presented in Fig. A11 and Table A1 in the appendix.
To summarize, both non-isothermal and isothermal tests have shown that the oxidation of
Mg30 and Mg60 is described by A3 model, while for Mg300, A2 model shows a better fit. For the
isothermal oxidation of Mg300, R3 also fits well. Note that the particle size distributions of Mg30
and Mg60 are close to each other (see Fig. 3.1). The fact that the same models simultaneously fit
both non-isothermal and isothermal types of runs with similar kinetic parameters indicates that the
models are valid [72]. To verify the effect of the particle size on the dimension of the AvramiErofeev equation, both isothermal and non-isothermal curves were fitted with An model. The
results, listed in Table 3.5, show that with increasing particle size, the Avrami-Erofeev dimension,
n, decreases.

Table 3.5: Kinetic parameters (n-dimensional Avrami-Erofeev) of the oxidation of Mg30, Mg60,
and Mg300 powders based on non-isothermal and isothermal tests.
Non-isothermal
Powder

Fit (R2)

E

Log10(A)

kJ/mol

1/s

Isothermal
n

Fit (R2)

E

Log10(A)

kJ/mol

1/s

n

Mg30

0.998

229

11.4

3.3

0.995

221

10.9

2.9

Mg60

0.999

211

10.1

2.8

0.998

275

14.3

3.0

Mg300

0.998

234

11.0

1.7

0.995

190

8.5

1.5
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3.3.4 Non-isothermal and isothermal oxidation of Mg flakes
Figure 3.10 shows the experimental and predicted TG curves for non-isothermal and
isothermal (550 °C) oxidation of Mg flakes. The predicted isothermal curves were calculated using
the values of the activation energy obtained in the non-isothermal tests. Table 3.6 shows the kinetic
parameters and the coefficient of determination for A2, A3, and F1 models. For the non-isothermal
conditions, F1 and A2 result in a similar fit, which is better than for A3, but for the isothermal
oxidation, F1 is a clear winner. This is explained by the fact that a flake can be considered a surface
with zero curvature. Indeed, for the spherical particles, the dimension of the Avrami-Erofeev
model decreases with increasing the average diameter from 60 to 300 μm (i.e., with decreasing the
curvature), and F1 model is equivalent to An model at n = 1. Note that the value of the activation
energy for Mg flakes, obtained with F1 model, 213 kJ/mol, is very close to the previously reported
value of 211 kJ/mol for Mg plates [60]. Figure 3.10b clearly demonstrates that the experimental
TG curve for the isothermal oxidation is fitted nicely by the curve generated with F1 model and is
not fitted well by those calculated with A2 and A3 models. Figure 3.10a shows good fitting with
F1 model in the non-isothermal runs.
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Figure 3.10: Experimental (color) and predicted (black) TG curves for (a) non-isothermal and (b)
isothermal oxidation of Mg flakes.

Table 3.6: Kinetic parameters (n-dimensional Avrami-Erofeev) of the oxidation of Mg30, Mg60,
and Mg300 powders based on non-isothermal and isothermal tests.
Non-isothermal
Model

Fit (R2)

Isothermal

E

Log10(A)

kJ/mol

1/s

Fit (R2)

E

Log10(A)

kJ/mol

1/s

F1

0.997

213

10.7

0.999

213

10.4

A2

0.996

159

7.2

0.988

159

7.0

A3

0.974

248

13.1

0.976

248

12.7

Thus, the oxidation of plates and flakes can be considered as a limiting case of spherical
particle oxidation when the curvature approaches zero. Figure 3.11 shows the dimension of the
Avrami-Erofeev as a function of the reciprocal of the diameter (i.e., half the curvature) of the
particles. For the atomized powders, the values of the Sauter mean diameter (Table 3.2) and the
calculated values of n (Table 3.5) were used. The point for the plate (d → ∞, n = 1) was added.
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The plot demonstrates that the Avrami-Erofeev dimension is close to 3 for sufficiently small
particles and decreases with increasing the diameter, approaching 1 in the limiting case of a flat
surface.

Figure 3.11: The dimension of the Avrami-Erofeev equation vs. the reciprocal of the diameter.
3.3.5 The Mampel-Delmon analysis of the TGA data for isothermal oxidation of spherical
Mg particles
The Avrami-Erofeev model has been widely used to analyze sigmoidal kinetic curves of
various processes, including oxidation of metals. It has been suggested [77–80], however, that
since this model was derived assuming that there are no boundary effects and nucleation occurs in
the bulk, Mampel’s kinetic model [75] may be more appropriate for the description of surfacecontrolled nucleation and growth. Mampel’s model is based on the assumption that the nuclei
appear randomly on the surface at a constant rate γ per unit area (1/μm2min) and then grow at a
constant rate ϕ (μm/min), with the rate-controlling step being located at the reactant-product
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interface. For a sphere with surface nucleation and inward grain growth, the extent of conversion
can be determined from the equation:
4𝜋 𝑟0
𝛼 = 1−
∫ 𝜔(𝑟, 𝑡)𝑟 2 𝑑𝑟
𝑉0 0

(3.2)

where V0 is the initial volume, r0 is the initial radius, and ω is the unreacted volume fraction in an
arbitrary shell with a radius of r. Delmon [81] has developed an analytical solution for spherical
particles assuming that the growth is isotropic. This solution involves the model parameter K, the
reduced time θ, and the volume fraction φ. These dimensionless parameters are defined by:

𝐾=

4𝜋𝑟03 𝛾
𝜙

𝜃=

𝜙𝑡
𝑟0

𝜑=

𝑟0 − 𝑟
𝑟0

(3.3)

Depending on the value of the reduced time θ, the following solutions are given [81]:
First case: θ ≤ 1
𝜃

𝛼 = 1 − (1 − 𝜃)3 − 3 ∫ (1 − 𝜑)2 𝑒𝑥𝑝 (
0

𝐾 𝜃 3 − 3𝜑 2 𝜃 + 2𝜑 3
) 𝑑𝜑
12
1−𝜑

(3.4)

Second case: 1≤ θ ≤ 2
2−𝜃

𝛼 = 1 − 3∫
0

𝐾 𝜃 3 − 3𝜑 2 𝜃 + 2𝜑 3
(1 − 𝜑)2 𝑒𝑥𝑝 (
) 𝑑𝜑
12
1−𝜑
1
𝐾
− 3𝑒𝑥𝑝(−𝐾𝜃) ∫ (1 − 𝜑)2 𝑒𝑥𝑝 ( (𝜑 2 − 2𝜑 + 4)) 𝑑𝜑
3
2−𝜃

(3.5)

Third case: θ ≥ 2
1

𝐾
𝛼 = 1 − 3𝑒𝑥𝑝(−𝐾𝜃) ∫ (1 − 𝜑)2 𝑒𝑥𝑝 ( (𝜑 2 − 2𝜑 + 4)) 𝑑𝜑
3
0

(3.6)

The activation energies of the nucleation and growth can be determined following the
procedure used in the kinetic analysis of the dehydration of lithium sulfate monohydrate [79]. The
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rate of single-step nucleation is described by [82]:
𝛾 = 𝑘𝑁 𝑁0 exp(−𝑘𝑁 𝑡)

(3.7)

where 𝑁0 is the number of potential nucleation sites and 𝑘𝑁 is the nucleation rate constant
described by:
𝑘𝑁 = 𝜈 exp (−

𝐸𝑛
)
𝑅𝑇

(3.8)

where 𝜈 is the frequency factor and 𝐸𝑛 is the activation energy of nucleation. When the activation
energy is sufficiently high, i.e., 𝑘𝑁 is small, the exponential term in Eq. (3.7) can be approximately
reduced to 1, so that:
𝛾 = 𝜈𝑁0 exp (−

𝐸𝑛
)
𝑅𝑇

(3.9)

For Mg, the cracking of the native oxide layer that was observed with in situ TEM [68] is
apparently the onset of the nucleation. The subsequent formation of a spongy, non-protective oxide
layer allows for the infiltration of oxygen. The non-protective oxidation of Mg follows the linear
oxidation law, and the growth rate constant is:

𝜙 = 𝐴 exp (−

𝐸𝑔
)
𝑅𝑇

(3.10)

where 𝐸𝑔 is the activation energy of growth.
For the analysis, the experimental isothermal curves were slightly modified, assuming that the
extent of conversion was zero at the beginning of the isothermal period (i.e., using the curves
shown in Fig. A11 in the Appendix). The experimental curves were fitted with Eqs. (3.4) – (3.6),
where the parameters were determined using Eqs. (3.3), (3.9), and (3.10). The fitting procedure
was conducted using a code written in MATLAB and presented in the appendix. The best fit was
the combination of the activation energies and pre-exponential factors in Eqs. (3.9) and (3.10) that
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resulted in the highest coefficient of determination R2. The R2 was calculated by a standard method
based on the residual sum of squares (this method was also used in the analysis conducted with
Kinetics Neo and presented in Sections 3.3.2 – 3.3.4). The experimental particle size distribution
(Fig. 3.1) was included in the modeling, i.e., the calculation was conducted for every size. The
total calculated conversion is then the summation of the conversions calculated for all particle
sizes:
𝑛

(3.11)

𝛼𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑧𝑖 𝛼𝑖 (𝜙, 𝛾)
𝑖=1

where 𝛼𝑖 is the extent of conversion and 𝑧𝑖 is the numerical fraction of the particle size i.
Table 3.6 shows the obtained kinetic parameters. It is seen that the activation energy of growth
is close to the apparent activation energy determined by fitting the Avrami-Erofeev model for both
isothermal and non-isothermal data. It is also seen that for each powder, the activation energy of
nucleation is significantly higher than that of growth. This indicates that with increasing the
temperature, the rate of nucleation increases faster than the rate of growth does.

Table 3.7: Kinetic parameters of nucleation and growth for the oxidation of Mg30, Mg60, and
Mg300 powders, determined from the isothermal tests by using the Mampel-Delmon
model.
Powder

Fit (R2)

Log10(𝝂𝑵𝟎 )

𝑬𝒈

Log10(A)

kJ/mol

1/(μm2min)

kJ/mol

μm/min

𝑬𝒏

Mg30

0.997

389

21.8

190

11.7

Mg60

0.998

529

30.1

215

13.5

Mg300

0.967

599

34.9

211

13.3
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Figure 3.12 shows how the calculated curves fit the experimental TG curves, while Table 3.8
presents the obtained values of the nucleation and growth rates for each powder and temperature.
It is seen that, as expected, the rates of nucleation and growth increase with increasing the
temperature. In addition, Table 3.8 shows the values of the dimensionless parameter K (see
Eq. (3.3)), calculated using the Sauter mean diameter (in the MATLAB computations, the K was
calculated for each size in the experimental particle size distribution). As noted in the work [79],
the parameter K is an indicator of the competition between nucleation and growth. When the K
value is small, the relatively slow nucleation affects the overall kinetics, leading to a sigmoidal
α―t curve, which can be described by the Avrami-Erofeev model. At larger K values, a large
number of nuclei cover the surface rapidly, and the overall kinetics is determined by the growth of
a non-protective oxide layer, which is described by the contracting sphere (R3) model for spheres
or the first-order (F1) model for plates. Indeed, it is seen that for Mg300 at 550 and 575 °C, the K
values are very high, 3∙104 – 1.5∙105, and the TG curves are not sigmoidal, in contrast with the
other curves in Fig. 3.12. Obviously, two factors are responsible for the high K values in these
cases: the large particle diameter and the strong temperature effect on the nucleation rate due to
the high 𝐸𝑛 .
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Table 3.8: The nucleation rate, the growth rate, and the parameter K for the isothermal oxidation
of Mg30, Mg60, and Mg300 powders.
Sauter mean
diameter

Temperature

γ

ϕ

μm

°C

1/(μm2min)

μm/min

Mg30

32

525

0.00022

0.20

58

Mg30

32

550

0.00131

0.47

144

Mg30

32

575

0.00700

1.06

340

Mg60

56

525

0.00003

0.27

33

Mg60

56

550

0.00037

0.72

142

Mg60

56

575

0.00364

1.81

554

Mg300

276

525

0.00005

0.33

4654

Mg300

276

550

0.00073

0.88

27480

Mg300

276

575

0.00964

2.18

146129

Powder
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K

Figure 3.12: Experimental (color) and predicted (black) TG curves for isothermal oxidation of
(a) Mg30, (b) Mg60, and (c) Mg300. The predicted curves were obtained using the MampelDelmon approach.
70

3.4 Conclusions
Thermogravimetric analysis of three fractions of an atomized magnesium powder, with
average sizes of about 30, 60, and 300 μm, in oxygen has been conducted at heating rates of 1, 2.5,
and 5 K/min as well as isothermally at 525, 550, and 575 °C. With increasing heating rate and
particle size, the reaction required higher temperatures, but all samples were fully oxidized at
temperatures below the melting point of Mg, 650 °C. The coarsest (300 μm) powder at the highest
(5 K/min) heating rate exhibited a sharp increase in the conversion at a temperature of 630 °C,
which is explained by approaching the Mg melting point.
The Friedman analysis of both non-isothermal and isothermal thermogravimetric data has
shown that after about 20% of the metal has been oxidized, the activation energy remains virtually
constant during a large part of the oxidation process, which indicates a single-step reaction.
The model-fitting analysis of the data obtained in both non-isothermal and isothermal tests has
shown that the oxidation of spherical Mg particles with average sizes of 30 and 60 μm is described
by the three-dimensional Avrami-Erofeev model (A3), while for the 300 μm particles, the twodimensional Avrami-Erofeev model (A2) shows a better fit. For the isothermal oxidation of
Mg300, the contracting sphere model (R3) also fits well. The obtained values of the activation
energy for the powders with average sizes of 30, 60, and 300 μm, respectively, are 230, 225, and
221 kJ/mol based on the non-isothermal tests and 221, 279, and 189 kJ/mol based on the isothermal
tests.
Scanning electron microscopy of the oxidized spherical particles has shown that they comprise
nanoscale grains, which is consistent with the Avrami-Erofeev model of simultaneous nucleation
and growth.
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To confirm that with increasing particle size, the Avrami-Erofeev dimension (n) decreases,
both isothermal and non-isothermal curves were fitted with the n-dimensional Avrami-Erofeev
model (An). The activation energy (in kJ/mol) and n for the powders with average sizes of 30, 60,
and 300 μm, respectively, are 229 and 3.3, 211 and 2.8, and 234 and 1.7 based on the nonisothermal tests, and they are 221 and 2.9, 275 and 3.0, and 190 and 1.5 based on the isothermal
tests.
Thermogravimetric analysis of a magnesium powder with irregularly shaped particles (flakes)
in oxygen has been conducted at heating rates of 1, 2.5, and 5 K/min as well as isothermally at
550 °C. The model-based analysis of the TGA data has shown the best fit for the first-order
reaction model (F1), with the activation energy being equal to 213 kJ/mol.
For additional insight into the oxidation mechanism of Mg particles, the Mampel-Delmon
analysis of isotropic surface-controlled nucleation and growth was applied to the obtained
thermogravimetric data on the isothermal oxidation of the three tested fractions of the atomized
powder. This analysis has shown that the nucleation is relatively slow for the smaller (30 and
60 μm) particles, which explains the sigmoidal TG curves and the Avrami-Erofeev behavior.
However, for the coarse (300 μm) particles and the highest (550 – 575 °C) temperatures, the
nucleation is rapid, and the entire process can be considered as a growth of a non-protective oxide
layer described by R3 model.
While the Mampel-Delmon analysis revealed the kinetics of both nucleation and growth, its
usage is limited to isothermal oxidation. For kinetics of Mg particle oxidation under nonisothermal conditions, such as those in combustion systems, n-dimensional Avrami-Erofeev model
is recommended. Summarizing the obtained data, this model can be used with the dimension being
equal to 3 for sufficiently fine spherical Mg powders (such as those with average sizes of 30 and
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60 μm), 2 for coarser spherical powders (such as that with an average size of 300 μm), and 1 for
flakes. The apparent activation energy of Mg particle oxidation is likely in the range of 200 –
230 kJ/mol.
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Chapter 4: Conclusions
The feasibility of using magnesium silicide for the reduction of silica and fabrication of
nanocrystalline silicon in the SHS mode has been investigated. To ensure a self-sustained
propagation of the combustion wave, Mg2Si/SiO2 mixtures were mechanically activated in a
shaker ball mill. It was determined that milling for several minutes effectively improved the
reactivity of Mg2Si/SiO2 mixtures through the formation of composites, consisted of submicron
and micron-sized particles. The use of Mg2Si instead of Mg decreased the temperature during SHS
and, after leaching, produced micron-scale agglomerates of Si nanoparticles, in contrast with
sponge-like Si particles obtained in the case of using Mg. The addition of 15−25 wt% sodium
chloride further decreased the combustion temperature, leading to the formation of nanocrystalline
silicon powder with a crystallite size of about 30 nm. Summarizing, combustion of mechanically
activated Mg2Si/SiO2 and Mg2Si/SiO2/NaCl mixtures produces nanocrystalline silicon powder.
The oxidation of spherical and non-spherical (flakes) Mg particles in O2 flow was investigated
using isothermal and non-isothermal thermogravimetry. The Friedman analysis of the obtained
data has shown a virtually constant activation energy during a large part of the oxidation process.
Model-based analysis has shown that the Avrami-Erofeev model of simultaneous nucleation and
growth provides the best fit with the experimental thermogravimetric curves. The microstructure
of the oxidized spherical particles is consistent with the Avrami-Erofeev model. The MampelDelmon analysis of the isothermal thermogravimetric data has revealed that for the 30 and 60 μm
particles, the nucleation is relatively slow, leading to the Avrami-Erofeev behavior, but for the
300 μm particles, the entire process can be considered as a growth of a non-protective oxide layer
described by the contracting sphere model. For the kinetics of Mg particle oxidation under nonisothermal conditions, such as those in combustion systems, n-dimensional Avrami-Erofeev model
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is recommended. This model can be used with a dimension of 3 for sufficiently fine spherical Mg
powders (60 μm or less), 2 for coarser spherical powders (such as 300 μm), and 1 for flakes. The
apparent activation energy of Mg particle oxidation is likely in the range of 200 – 230 kJ/mol.
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Appendix

Figure A1: Experimental TG curves for non-isothermal oxidation of Mg30 at a heating rate of
1 K/min in O2 and 20%O2/80%Ar gas flows.

Figure A2: Experimental TG curves for isothermal oxidation of Mg30 at 525 °C for two different
sample masses.
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Figure A3: Experimental (color) and F1 model predicted (black) TG curves for non-isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A4: Experimental (color) and R3 model predicted (black) TG curves for non-isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A5: Experimental (color) and D3 model predicted (black) TG curves for non-isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A6: Experimental (color) and D4 model predicted (black) TG curves for non-isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A7: Experimental (color) and F1 model predicted (black) TG curves for isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A8: Experimental (color) and R3 model predicted (black) TG curves for isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A9: Experimental (color) and D3 model predicted (black) TG curves for isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A10: Experimental (color) and D4 model predicted (black) TG curves for isothermal
oxidation of (a) Mg30, (b) Mg60, and (c) Mg300.
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Figure A11: Experimental (color) and predicted (black) TG curves for isothermal oxidation of
(a) Mg30, (b) Mg60, and (c) Mg300. In the calculated curves, time zero is the onset of the
isothermal period; the conversion during the initial non-isothermal period is neglected.

95

Table A1: Kinetic parameters of the oxidation of Mg30, Mg60, and Mg300 based on isothermal
tests.
Mg30
Model Fit
(R2)

E

Mg60
Log10(A) Fit
(R2)

kJ/mol 1/s

E

Mg300
Log10(A) Fit
(R2)

kJ/mol 1/s

E

Log10(A)

kJ/mol 1/s

F1

0.916

223

11.1

0.934

286

14.9

0.810

192

8.8

R3

0.941

227

10.8

0.943

278

13.9

0.980

192

8.2

A2

0.989

233

11.7

0.988

283

14.8

0.976

196

8.9

A3

0.998

235

11.9

0.997

286

15.0

0.950

198

9.1

MATLAB Code for the Fitting Procedure in the Mampel-Delmon Analysis
(with the data for Mg30 as an example)

%particle diameter (microns)
Diameter=[87.99 73.99 62.22 52.32 44 37 31.11 26.16 22 18.5];
%particle size distribution
ff=[0.0049 0.0118 0.031 0.0802 0.174 0.267 0.2494 0.1303 0.0412 0.0102];
%final experimental time
tf525=151;
tf550=67.75;
tf575=38.75;
%experimental time
t525=[1:0.5:tf525]';
t550=[0:0.25:tf550]';
t575=[0:0.25:tf575]';
%Universal gas constant
RU=8.314462618;
Rsq1=0;
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%Activation energy of growth (kJ/mol)
EG=[190];
%Natural log of preexponential factor of growth
AG=[27];
%Activation energy of nucleation (kJ/mol)
EN=[389];
%Natural log of preexponential factor of nucleation
AN=[50.2];
RRQ=0.99999;
r2max=0;
ActivationG=0;
PreG=0;
ActivationN=0;
PreN=0;
Temperature=[525 550 575];
%experimental extent of conversion for Mg30 at 525degC
alpha525=[0 0.001 0.004 0.006 0.007 0.008 0.007 0.009 0.01 0.011 0.011
0.011 0.013 0.013 0.014 0.015 0.016 0.018 0.019 0.019 0.02 0.021 0.022
0.022 0.023 0.027 0.028 0.028 0.029 0.031 0.032 0.032 0.033 0.035 0.036
0.038 0.04 0.043 0.044 0.044 0.046 0.048 0.05 0.051 0.051 0.053 0.057
0.059 0.059 0.061 0.064 0.066 0.068 0.07 0.074 0.077 0.08 0.083 0.089
0.09 0.095 0.1 0.105 0.11 0.115 0.121 0.126 0.132 0.138 0.145 0.152
0.159 0.168 0.177 0.183 0.192 0.2 0.209 0.219 0.229 0.24 0.252 0.265
0.276 0.287 0.3 0.312 0.325 0.337 0.349 0.363 0.375 0.39 0.403 0.415
0.429 0.442 0.456 0.469 0.482 0.496 0.51 0.522 0.536 0.547 0.561 0.575
0.587 0.6 0.612 0.624 0.636 0.647 0.658 0.671 0.681 0.691 0.701 0.709
0.718 0.728 0.739 0.749 0.759 0.767 0.776 0.784 0.792 0.8 0.808 0.814
0.821 0.828 0.833 0.84 0.846 0.851 0.855 0.862 0.867 0.872 0.878 0.882
0.887 0.893 0.897 0.902 0.905 0.907 0.911 0.916 0.919 0.922 0.927 0.931
0.933 0.936 0.938 0.941 0.941 0.943 0.945 0.947 0.95 0.952 0.953 0.956
0.959 0.961 0.963 0.963 0.966 0.968 0.969 0.971 0.973 0.975 0.976 0.978
0.979 0.98 0.982 0.983 0.985 0.985 0.986 0.986 0.986 0.986 0.988 0.988
0.988 0.988 0.988 0.99 0.99 0.99 0.991 0.992 0.991 0.991 0.993 0.995
0.995 0.993 0.994 0.995 0.996 0.996 0.996 0.997 0.997 0.997 0.998 0.999
1 0.999 0.998 0.997 0.998 0.998 0.998 1 0.999 0.998 0.998 0.998 0.997
0.997 0.998 0.998 0.998 0.998 0.997 0.998 0.996 0.998 0.999 0.997 0.997
0.997 0.997 0.997 0.998 0.999 0.999 1.001 1.001 1.002 1.002 1.002 1.001
97

1.001
1.001
0.997
0.995

1 1.001 1.002 1.002
1.002 1.001 1.001 1
0.999 0.998 0.998 1
0.997 0.998 0.999 1

1.002 1.002 1.002 1 0.999 0.999 0.999 0.998 1
1 1 0.999 1.001 1.002 1 1 1 1 1 1 0.999
0.999 0.998 0.998 0.996 0.995 0.995 0.995
1]';

%experimental extent of conversion for Mg30 at 550 °C
alpha550=[0 0.001 0 0 0 -0.001 -0.002 0.001 0.007 0.009 0.008 0.008 0.009
0.01 0.013 0.018 0.022 0.022 0.021 0.022 0.024 0.023 0.026 0.034 0.037
0.039 0.041 0.045 0.048 0.052 0.055 0.06 0.064 0.068 0.074 0.077 0.083
0.094 0.104 0.113 0.125 0.136 0.143 0.152 0.163 0.178 0.189 0.196 0.207
0.22 0.234 0.25 0.265 0.281 0.295 0.309 0.33 0.349 0.365 0.378 0.392
0.41 0.429 0.448 0.463 0.481 0.503 0.524 0.542 0.559 0.576 0.594 0.613
0.632 0.648 0.662 0.676 0.689 0.704 0.722 0.737 0.749 0.761 0.77 0.774
0.784 0.797 0.809 0.82 0.831 0.841 0.849 0.856 0.864 0.872 0.879 0.886
0.892 0.899 0.907 0.91 0.912 0.916 0.92 0.923 0.923 0.925 0.929 0.932
0.932 0.934 0.938 0.941 0.943 0.944 0.944 0.944 0.945 0.949 0.953 0.956
0.957 0.96 0.965 0.965 0.961 0.963 0.966 0.964 0.963 0.965 0.964 0.959
0.957 0.963 0.969 0.969 0.966 0.963 0.965 0.969 0.97 0.97 0.968 0.967
0.967 0.968 0.969 0.972 0.973 0.971 0.97 0.97 0.97 0.972 0.975 0.974
0.973 0.974 0.973 0.973 0.976 0.976 0.975 0.975 0.975 0.975 0.973 0.973
0.974 0.972 0.972 0.971 0.971 0.975 0.978 0.978 0.976 0.976 0.978 0.98
0.978 0.976 0.978 0.982 0.983 0.983 0.981 0.978 0.978 0.979 0.979 0.98
0.985 0.987 0.986 0.985 0.986 0.988 0.99 0.991 0.99 0.988 0.988 0.99
0.994 0.994 0.992 0.99 0.992 0.994 0.994 0.99 0.988 0.99 0.992 0.992
0.988 0.989 0.994 0.996 0.992 0.989 0.992 0.998 0.998 0.997 0.997 0.995
0.99 0.988 0.991 0.994 0.995 0.995 0.994 0.993 0.994 0.996 0.999 0.999
0.998 0.997 0.995 0.994 0.995 0.997 0.999 1.004 1.006 1.002 0.999 0.998
1.004 1.003 0.999 1.002 1.001 1 1.003 1 1 1.002 1.002 1.002 1 0.996
0.996 1.001 1.002 1.001 1]';
alpha575=[0 0.003858308 0.007064566 0.010395105 0.014029034 0.018290409
0.025827352 0.035689909 0.041915584 0.047571033 0.057790966 0.072835329
0.090667138 0.107042733 0.124861187 0.146021285 0.169436141 0.190594693
0.214838879 0.242114714 0.267294656 0.292887507 0.324321665 0.353750188
0.379386481 0.410882075 0.443815749 0.476331875 0.505300955 0.535027808
0.568167162 0.599351072 0.629275732 0.658509119 0.687023818 0.71676726
0.745170051 0.768447411 0.789485057 0.811685369 0.832513117 0.851448124
0.866826806 0.879817736 0.891549555 0.902155825 0.911460386 0.91863672
0.924451456 0.928836267 0.931869321 0.934043239 0.937871742 0.940613497
0.941226462 0.939694189 0.939324161 0.94203105 0.944901864 0.947474632
0.947657397 0.946032476 0.946144806 0.947460573 0.948104187 0.947996777
0.948089706 0.949279365 0.949927477 0.949343192 0.950079594 0.951756814
0.952655314 0.953342651 0.953834991 0.955572242 0.95737107 0.957708764
98

0.957929347 0.958157381 0.957996407 0.957768654 0.958690633 0.960309789
0.961295876 0.961680104 0.962103838 0.961855137 0.962624296 0.964561182
0.965904645 0.96558579 0.964935007 0.964437043 0.965571029 0.966301245
0.966857975 0.967358188 0.966381942 0.966898464 0.968461245 0.967387712
0.966453221 0.968497657 0.970420203 0.971302114 0.972397438 0.973238297
0.973459443 0.973598485 0.974393231 0.974767759 0.974884306 0.974951367
0.97443597 0.974147904 0.974647555 0.975583171 0.976634069 0.977074673
0.977632669 0.978842713 0.980578417 0.982050237 0.982025353 0.981853413
0.982375699 0.982621307 0.982902624 0.985075699 0.986226696 0.984704827
0.984313148 0.986384155 0.987886623 0.987591388 0.987361807 0.987432382
0.987695985 0.988662812 0.989289555 0.99007938 0.99055007 0.990304322
0.990082192 0.992218292 0.994856152 0.994879068 0.994782062 0.995604363
0.995657787 0.994901843 0.995165728 0.996307024 0.998288758 1]';
for z=1:1:length(EG)
EG1=EG(z);
for z1=1:1:length(AG);
AG1=AG(z1);
for c=1:1:length(EN);
EN1=EN(c);
for c1=1:1:length(AN);
AN1=AN(c1);
for sc=1:1:length(Temperature);
D0=Diameter;
fraction=ff;
if sc==1
t=t525;
elseif sc==2
t=t550;
else
t=t575;
end
if sc==1
T=Temperature(1)+273.15;
elseif sc==2
T=Temperature(2)+273.15;
else
T=Temperature(3)+273.15;
end
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alpha=zeros(length(t),length(D0));
G=exp(AG1)*exp(-1000*EG1./(RU*T));
Q=exp(AN1)*exp(-1000*EN1./(RU*T));
if G < 5
G=exp(AG1)*exp(-1000*EG1./(RU*T));
else
G=5;
end
if Q < 10
Q=exp(AN1)*exp(-1000*EN1./(RU*T));
else
Q=10;
end
for j=1:1:length(D0);
R=0;
f=fraction(j);
R=D0(j)./2;
Y=zeros(length(t),1);
Y2=zeros(length(t),1);
Y3=zeros(length(t),1);
x=zeros(length(t),1);
X=zeros(length(t),1);
ratio=Q/G;
K=ratio*4*pi*R.^3;
for i=1:1:length(t);
if ((G*t(i)./R).^3) < 1
ratio=Q/G;
K=ratio*4*pi*R^3;
fun1 = @(x) ((1-x).^2).*exp((-K/12)*((G*t(i)./R).^33*(G*t(i)./R)*x.^2+2*x.^3)./(1-x));
Y(i)=integral(fun1,0,G*t(i)./R);
X(i)=f*(1-(1-(G*t(i)./R)).^3-3*Y(i));
elseif f == round(X(i-1),4)
X(i)= f;
else
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if 1 <= (G*t(i)./R) <= 2
ratio=Q/G;
K=ratio*4*pi*R^3;
fun1 = @(x) ((1-x).^2).*exp((-K/12)*((G*t(i)./R).^33*(G*t(i)./R)*x.^2+2*x.^3)./(1-x));
Y(i)=integral(fun1,0,2-(G*t(i)./R));
fun2 = @(x) ((1-x).^2).*exp((K/3)*(x.^2-2*x+4));
Y2(i)=integral(fun2,2-(G*t(i)./R),1);
X(i)=f*(1-3*Y(i)-3*exp(-K*(G*t(i)./R))*Y2(i));
else
K=ratio*4*pi*R^3;
fun2 = @(x) ((1-x).^2).*exp((K/3)*(x.^2-2*x+4));
Y2(i)=integral(fun2,0,1);
X(i)=f*(1-3*exp(-K*(G*t(i)./R))*Y2(i));
end
end
end
alpha(:,j)=X;
end
if sc==1
alphamodel525=sum(alpha,2);
elseif sc==2
alphamodel550=sum(alpha,2);
else
alphamodel575=sum(alpha,2);
end
end
% coefficient of determination
SSE=sum((alpha525-alphamodel525).^2)+sum((alpha550alphamodel550).^2)+sum((alpha575-alphamodel575).^2);
AVG=(sum(alpha525)+sum(alpha550)+sum(alpha575))./(length(alpha525)+length(alpha
550)+length(alpha575));
SST=sum((alphamodel525-AVG).^2)+sum((alphamodel550AVG).^2)+sum((alphamodel550-AVG).^2);
Rsq1=1-SSE/SST;
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if (Rsq1 > r2max)
r2max=Rsq1
ActivationG=EG1
PreG=AG1
ActivationN=EN1
PreN=AN1
end
end
end
end
end
figure (1)
plot(t525,alphamodel525,'g')
hold on
plot(t525,alpha525,'b')
hold on
plot(t550,alphamodel550,'g')
hold on
plot(t550,alpha550,'b')
hold on
plot(t575,alphamodel575,'g')
hold on
plot(t575,alpha575,'b
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